We tested the hypothesis that the biphasic ventilatory response to poikilocapnic hypoxia shows circadian variation and contribution of histamine H1 receptors in mice. Initial increases in ventilation were augmented during dark periods. H1 receptors had no major relationship with circadian variation, but affected the declined phase.
Ventilation endogenously oscillates throughout the day, similar to metabolism and other physiological variables [1, 2] . In nocturnal animals such as rodents, ventilation and metabolism are higher in the dark period than in the light one. These circadian variations can be caused by neural inputs from the circadian pacemaker located in the suprachiasmatic nuclei, or by indirect influences on ventilatory control via the circadian rhythms of other variables [3] . Recently, the ventilatory response to hypoxia was also found to vary between light and dark periods in mice [4] .
Hypoxic gas inhalation causes time-dependent ventilatory responses under limited oxygen availability [5] . These responses involve an initial increase based on peripheral chemoreceptor afferents activated by hypoxia and a subsequent decline accompanied by a decrease of the metabolic rate. This biphasic ventilatory response is observed in conscious adult animals; the subsequent decline is called the "hypoxic ventilatory decline" (HVD) (reviewed by Neubauer et al. [6] ). In earlier studies, we observed biphasic ventilatory responses to normocapnic hypoxia in mice. We added 3% CO 2 to the hypoxic gas to maintain a constant level of arterial PCO 2 (PaCO 2 ) [2, 4, 7] ; this prevents hypocapnia induced by hypoxic hyperventilation [8] . Indeed, our previous blood gas analyses in mice showed PaCO 2 levels of 36-39 mmHg at 10 min after 7% O 2 inhalation adding 3% CO 2 [4, 9] , but 19 mmHg at the same time after 7% O 2 inhalation [10] . However, hypoxic gas inhalation adding 3% CO 2 , augments the initial increase because of the activation of the chemoreceptor afferents responsible for changes in both PaO 2 and PaCO 2 [11] . Increased PaCO 2 enhances carotid body activity by augmenting the Ca 2+ current in glomus cells [12] . Meanwhile, hypoxia and an inhibitor of oxidative phosphorylation increase the chemosensory responses to CO 2 [11, 13] . These observations show that hypoxic ventilatory responses may be influenced by additional CO 2 through a chemosensory pathway. Therefore an investigation using hypoxic gas inhalation without adding CO 2 is needed, especially to examine the chemosensory response profile. We focused on the ventilatory responses to poikilocapnic hypoxia in which the PaCO 2 level decreased over time, and compared these responses to those of normocapnic hypoxia. Circadian variation has also been observed in ventilatory response to normocapnic hypoxia [4] , but ventilatory responses to poikilocapnic hypoxia remain unknown.
Histamine H1 receptors in the brain are involved in hypoxic ventilatory control, specifically the HVD accompanying decrease in the metabolic rate [7] . Histamine is known as a functional neuromodulator that tonically acts on the respiratory neuron network and is further activated during hypoxia [14] . Histamine affects an inspiratory offswitch level during hypercapnia (5-9% CO 2 ) via H1 receptors [15] . Thus histamine H1 receptors play a role in the chemical control of ventilation associated with metabolism. In the present study, we used H1 receptor knockout (H1RKO) and wild-type (WT) mice to test the hypothesis that the time-dependent ventilatory response to poikilocap-nic hypoxia shows circadian variation, and that the H1 receptor is involved in this response and the circadian profile.
H1RKO and WT mice, males aged 8-11 weeks were maintained under pathogen-free conditions as described previously [15] . The mice were provided with food and water ad libitum; they were housed at a controlled temperature (24°C) and exposed to a daily 12:12 h light-dark cycle (light off at 20:00). All experiments were performed at an environmentally controlled temperature (24°-25°C) in the light (10:00-16:00) or dark (22:00-4:00) periods. The study protocol was approved by the Showa University Animal Experiments Committee.
Respiratory variables were measured using a wholebody, unrestrained, plethysmograph (WBP) (PLY3211; Buxco Electronics, Sharon, CT, USA). This system has been described elsewhere [16] . Respiratory frequency (f R , breath/ min), tidal volume (V T , ml BTPS, body temperature and pressure, saturated with water vapor), and minute ventilation ( E , ml BTPS/min) were computed breath by breath throughout all baseline and experimental photoperiods. Tidal volume and E were normalized per 10 g of body weight.
WT mice (n = 10) and H1RKO mice (n = 10) were used for the measurement of ventilatory variables during air and 7% O 2 gas inhalation in the light period. Another set of mice (each genotype, n = 10) was used in the dark period. Each mouse was placed in a WBP chamber and acclimatized to it for at least 90 min prior to measurements. After acclimatization, each mouse inhaled air for 30 min and thereafter inhaled hypoxic gas (7% O 2 balanced in N 2 ) for 20 min.
Data are expressed as mean ± SD. To assess the effects of hypoxia during different photoperiods and in different genotypes, a three-way analysis of variance (ANOVA) for repeated measures was performed for respiratory variables (f R , V T , and E ). Photoperiod and genotype factors were the between-group factors, and time was the withingroup factor used as a repeated measurement. Statistical significance was set at P < 0.05. For these analyses, we used SPSS II software (SPSS Japan, Tokyo, Japan). Figure 1 shows the ventilatory variables for H1RKO and WT mice in response to 7% O 2 exposure in light and dark periods. In both photoperiods and in mice of both genotypes, the time course of E responses showed an initial increase and then a subsequent decline. In the light period, E gradually peaked after 4 min, and then declined. In the dark period, E abruptly increased up to the peak 1 min after the start of inhalation, and then declined. The levels of E and f R in the early declined phase (3-10 min) were higher in H1RKO mice in the dark period. Figure 2 shows a graphical representation of the three-way ANOVA to determine the effect of time, photoperiod, and genotype. The statistical analysis yielded a significant time effect for f R , V T , and E , a time × photoperiod interaction for V T and E , and a time × genotype interaction for f R and E (Table 1) . These interac- 
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tions indicated that the time-dependent change in E was influenced by photoperiod and genotype. Regarding the influence of the photoperiod on E (data pooled from both genotypes), the initial increase was more rapid and higher during the dark period, but the HVD levels were not different between photoperiods (Fig. 2) . Regarding the influence of genotype on E (data pooled from both photoperiods), the peak was delayed for a few minutes afterward in H1RKO mice compared to that in WT mice (Fig. 2) . However, an interaction between photoperiod and genotype was not found, indicating that the photoperiod effect is isolated from the genotype effect. Furthermore, no interactions among the three factors were found for any variables (Table 1) . Our study showed time-dependent changes in E with circadian variations, even during poikilocapnic hypoxia in mice. The rapid and augmented initial increase during the dark period independent of genotype suggested that an activation of the pathway through peripheral chemoreceptors is followed by a circadian variation, and that the circadian profile is not influenced by H1 receptors. Indeed, the activity of carotid body chemoreceptors is enhanced by melatonin, which has a circadian variation in its secretion [17] . An earlier study of normocapnic hypoxia also showed circadian variation; E levels during the dark period were higher than those during the light period [4] . However, in that Table 1 . .
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A B C D E F study, the amplitude of the initial increase in E was not different between photoperiods, showing that chemoreceptor sensitivity was not changed. In the present study under poikilocapnic hypoxia without additional CO 2 , an increase in chemoreceptor sensitivity was observed during the dark period. The difference between normocapnic and poikilocapnic studies suggests that additional CO 2 influences peripheral chemoreceptor sensitivity. The HVD is most likely involved in hypocapnia following an initial increase in poikilocapnic hypoxia. Our previous study of blood gas analyses in mice revealed that PaCO 2 levels are strictly limited in poikilocapnic hypoxia [10] compared to normocapnic hypoxia [4, 10] at 10 min after each hypoxic gas inhalation. Hypocapnia is more significant during the dark period than during the light because the initial increase is augmented during the dark period. Severe hypocapnia reduces ventilation while augmenting E during the dark period, resulting in the same levels of HVD during light and dark periods.
The present study also demonstrated genotype differences between H1RKO and WT mice even in E responses to poikilocapnic hypoxia (Fig. 2) . H1RKO mice showed a delayed peak in their E response compared to that in WT mice. There are two possible causes for the different profiles. First, the peripheral chemoreceptor afferents might be modulated by histamine H1 receptors. This is supported by findings that histamine is released from glomus (type 1) cells of the carotid body [18] , and that histamine H1 receptors are expressed in these cells and affect inspiratory timing and the chemoreceptor response [19] . These findings suggested that histamine H1 receptors played a role in the control of the chemosensory pathway, though there was a marginal effect on the present responses. Second, a blunted HVD might be related to a delayed peak and sustained levels of E in H1RKO mice. In an earlier study using hypoxic gas containing 3% CO 2 , HVD was blunted during a 10-min exposure in H1RKO mice [7] . Blunted HVD is accompanied by a reduction of the metabolic rate decrease with an identical ratio of E /O 2 consumption [7] , suggesting that E is adequately controlled in accordance with metabolic demand in H1RKO mice. In poikilocapnic hypoxia, hyperventilation surely occurs by 20 min after hypoxic gas exposure, and hypocapnia changes ventilatory control based on metabolic demand. However, since hypocapnia was weak at 3-10 min after exposure, ventilation would still be sustained according to the metabolic demand in H1RKO mice. Histaminergic modulation during HVD is also illustrated by the evidence that a histamine H1 receptor antagonist reduces HVD for phrenic nerve activity after systemic administration in mice [14] . Thus H1-receptor modulation was obvious in the declined phase in response to poikilocapnic hypoxia.
On the other hand, the photoperiod effect was statistically isolated from the genotype effect in E . Therefore circadian changes in chemoreceptor sensitivity were inconsistent with the effects of histamine H1 receptors, though H1 receptors contributed to peripheral chemoreceptor function and HVD level in ventilatory response to poikilocapnic hypoxia.
In conclusion, we confirmed time-dependent ventilatory responses to poikilocapnic hypoxia during both photoperiods and in both genotypes. An initial increase in E mediated by a peripheral chemoreceptor pathway was augmented during the dark period, showing circadian variation. Histamine H1 receptors were shown to have no major relationship with circadian variation, but they affected the HVD phase in response to poikilocapnic hypoxia. 
